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a b s t r a c t

Solar thermochemical reaction is an efficient way for hydrogen production. Due to cloud transients, solar
thermochemical reactor endures low chemical conversion efficiency and deactivation of catalyst. To
mitigate adverse effect of solar radiation fluctuation, in present paper, a solar thermochemical reactor
design partly filled with encapsulated phase change material (EPCM) is proposed. Firstly, a two-
dimensional dynamic model of solar parabolic trough receiver reactors (SPTRR) partly filled with
EPCM is established and validated against experimental data. Then, the steady-state performance of
SPTRR under steady solar insolation is explored numerically, and the findings motivated us to create a
novel multi-part filling pattern of EPCM designed to avoid high-temperature deactivation of catalyst.
Furthermore, SPTRR’s thermal and chemical behaviors under unsteady condition of solar radiation are
analyzed. Finally, an optimal cascaded EPCM (regarding thermal properties) design is selected for the
best overall dynamic performance of SPTRR. The results show that under the steady solar radiation, filled
with EPCM in multi-part filling pattern, SPTRR can keep high methanol conversion efficiency (0.926)
with large filling proportion (0.52) of EPCM, less usage of catalyst (reduced by 48% compared to all-
catalyst case) and safe operation. And under the unsteady solar radiation, compared to SPTRR fully
packed with catalyst, the delay response time and vibration amplitude of SPTRR with EPCM in 4-part
filling pattern can be extended by 63.2% and damped by 48.7%, respectively. The comprehensive un-
steady performance indicator of SPTRR with the optimal cascaded EPCM is 23.2% higher than that with
non-cascaded EPCM.

© 2020 Published by Elsevier Ltd.
1. Introduction

Efficient utilization of solar resources is critical to the transition
to a sustainable energy system energy globally (He et al., 2020; Li
and Tao, 2017). As the clean alternative of fossil fuel, solar fuel,
such as syngas or hydrogen produced by solar chemical reaction,
has attracted considerable attention as they are storable and
transportable (Zhao et al., 2018). There have been many solar-
driven method of hydrogen production, such as thermochemical
reaction (Ishaq and Dincer, 2019), solar driven high-temperature
electrolysis process (Yadav and Banerjee, 2018), photo bioreactors
(Boran et al., 2010), photo-catalytic/electrochemical hydrogen
production (Rather et al., 2018) and solar-driven supercritical water
gasification (Chen et al., 2019). Compared with traditional indus-
trial procedure, hydrogen production through solar thermochem-
ical reactions with concentrated solar radiation (E et al., 2019; Zuo
et al., 2019), such as solar thermal water splitting, solar thermal
cracking of methane (Zheng and Xu, 2018) and solar methanol
steam reforming (Cheng et al., 2019b), has been shown to be
potentially effective in commercial-scale operations and environ-
mentally benign.

Solar thermochemical reactions can be roughly divided into two
groups according to the operational temperature range of the re-
actions (Ma et al., 2020): high-temperature process (above 800 �C)
and middle-and-low temperature process (below 500 �C). Usually,
high temperature solar thermochemical reactions, such as water
splitting cycle (Muhich et al., 2016), steam and CO2 reforming of
methane (Ishaq and Dincer, 2019), are operated above 800 �C in
order to achieve high reaction rates and conversion efficiencies. For
example, Chueh, Haile and Steinfeld et al. (Chueh et al., 2011)
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utilized the oxygen capture and release capability of cerium oxide
and in a solar cavity-receiver reactor above 1500 �C to decompose
CO2 and H2O into CO and H2. Yu and Lu et al. (Yu et al., 2017)
numerically and experimentally investigated the methane
reforming process with CO2 in a solar tubular and semi-cavity
reactor. Their results showed that the maximum temperature of
the reactor could reach above 1400 �C, and the thermochemical
storage efficiency and total energy efficiency could reach 19.7% and
28.9%, respectively. However, high operational temperature may
reduce the system thermal efficiency due to heat loss and optical
loss, and also complicate the design and fabrication of the system
(Liu et al., 2016). By contrast, middle-and-low temperature solar
thermochemical reactions are often operated within the tempera-
ture range of 150e300 �C, which shows a great potential for
practical applications (Cheng et al., 2019a). One of the most
promising middle-and-low temperature chemical reactions is
methanol steam reforming reaction, with several advantages such
that methanol is producible from biomass, usually in liquid state at
ambient condition for easy transportation and operation, and
possesses relatively high H/C ratio, low reforming temperature
(200e300 �C), which makes methanol steam reforming reaction a
good hydrogen source (Iulianelli et al., 2014).

However, due to the transient nature of solar radiation, solar
thermochemical reactor may endure unstable temperature fluctu-
ation which may lower the chemical conversion efficiency (Rowe
et al., 2018), cause the inactivation of catalyst and lead to unpre-
dictable system shut down (Petrasch et al., 2009). Compared with
concentrated solar power plant, the thermal management of solar
fuel producing process is particularly challenging, because of its
narrow working temperature and complex nonlinear characteris-
tics of chemical reactions. Many researchers have focused on stra-
tegies to regulate the performance of chemical reactor during the
solar radiation transients. Typically, there are two different types of
methods to alleviate the adverse effect of unsteady solar radiation
on solar chemical reactor: active control strategy (Liu et al., 2019)
and passive thermal management.

In active control strategies, the reactant flow rate (Saade et al.,
2014) or aperture (Najafabadi and Ozalp, 2018) of solar thermo-
chemical reactors are often adjusted according to the dynamic solar
radiation to maintain continuous high-performance operation. In
order to deal with the variation of solar radiation caused by pres-
ence of cloud, Saade and Clough et al. (Saade et al., 2014) used
model predictive controller to manipulate the flows rates into the
solar chemical reactor. Their results showed that model predictive
controller can minimize the effect of disturbance, which shows
better control performance than multi-loop feedback strategy.
Althoughmodel predictive control has better control accuracy than
feedback control, the uncertainty in solar radiation forecast can
negate the benefits from predictive control (Rowe et al., 2018).
Meanwhile, the performance of temperature control is limited by
locations of inserted thermocouples, which may not be distributed
widely enough to detect each hot or cold spot (Odunsi et al., 2016).
In addition, control precision and robustness are difficult to guar-
antee in the operations.

Passive thermal management by adding phase change material
(PCM), which absorbs and releases large amount of latent heat at
constant temperature (Ma et al., 2017; Yuan et al., 2019), can be an
effective way for thermal regulation in solar thermochemical
reactor. PCM has been widely applied in precise thermal manage-
ment of battery systems (Zhang et al., 2018), buildings (Lamnatou
et al., 2018), electric device (Manikandan et al., 2019) and electric
vehicle (Hamut et al., 2014) to avoid the sudden change of tem-
perature. Zhao and Rao et al. (Zhao et al., 2017) used paraffin as PCM
for the thermal management of a cylindrical power battery. Their
experimental results revealed that with PCM and heat pipe, the
maximum temperature of the battery cluster can be maintained
below 50 �C for longer period of time than the air-based case. Qiao
and Kong et al. (Qiao et al., 2020) conducted an experiment to
explore the energy efficiency of active solar heating wall coupled
with phase change material. Their experimental results showed
that keep an indoor temperature of 25.52 �C and high cost effec-
tiveness of 15.27, which are both higher than those of reference
without PCM. However, few studies have been focused on the
passive thermal management of solar thermochemical reactor us-
ing PCM. Pattison et al. (Pattison and Baldea, 2013) proposed a
PCM-enhanced micro-channel chemical reactor for auto-thermal
methane-steam reforming reactor, in which PCM is confined into
a layer between the reactor plates, to mitigate the potential tem-
perature excursion. The result showed that the proposed reactor
and related control strategy can mitigate the disturbance of tem-
perature well. In another design, Hatamachi and Gokon et al.
(Gokon et al., 2008; Hatamachi et al., 2006) proposed a “double-
wall” reactor for CO2 reforming of methane (running over 700 �C)
by filling phase change material into the shell side of solar tubular
reformers. In their experiment, Na2CO3 is adopted as PCM andMgO
is mixed with Na2CO3 to improve the thermal conductivity. Their
experimental results demonstrated that adding PCM can benefit
alleviation of chemical conversion decrease in the cooling mode of
solar reactor, and showed the potential for solar chemical process
under fluctuation of insolation. Furthermore, in chemical industry,
the temperature stabilization of Fischer Tropsch reactor filled with
the homogeneously-blend mixture of encapsulated phase change
material (EPCM) and catalyst was investigated by O. Odunsi et al.
(2016) using a steady-state model. They concluded that the distri-
bution of catalyst temperature and chemical rate can be adjusted by
filling EPCM at the steady state.

The literature review above indicates that PCM can prevent in-
dustrial thermochemical reactors, which are often exothermic (i.e.,
releasing heat to external environment), from overheating.
Different from industrial thermochemical reactors, the solar ther-
mal chemical reactor with methanol steam reforming reaction is
endothermic and needs to absorb solar energy to support the
chemical reaction. And the solar thermochemical reactor faces the
cloudy transients and needs to avoid the chemical performance
variation. Few studies have focused on thermal management of
solar chemical reactor with PCM. In our prior work (Ma et al., 2018),
PCM is added into thermochemical reactor in bulk to make it easy
to fabricate, but the heat storing/releasing rate of PCM is limited
due to its low thermal conductivity (Li et al., 2019). Thus more
efficient way of incorporating PCM should be explored to achieve a
better performance of solar thermochemical reactor. Meanwhile,
the commonly used catalyst of Cu/ZnO/Al2O3 pellet (Peppley et al.,
1999) for methanol steam reforming reaction requires operational
temperature below 573 K (300 �C) to avoid deactivation which
limits the adding amount and position of PCM. Therefore, different
from “double-wall” reactor where PCM is filled in annular space
(Gokon et al., 2008; Hatamachi et al., 2006) or tubular reactor
where catalyst is homogeneously mixed with EPCM (Odunsi et al.,
2016), we propose a solar thermochemical reactor design for solar
methanol steam reforming reaction partly filled with EPCM, which
has several advantages such as high heat transfer area, high filling
proportion of EPCM and safe operation. The novelty of this paper is
(1) proposing a novel solar thermochemical reactor design partly
filled with encapsulated phase change material, (2) steady and
dynamic performance investigation of solar thermochemical
reactor, (3) optimal cascaded combination of practical phase
change material for solar methanol steam reforming reaction.

This paper is organized as follows. Firstly, a two-dimensional
dynamic model of SPTRR partly filled with EPCM is established
and validated with other’s experimental data. Then, the steady-
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state performance of SPTRR partly filled with EPCM in 1-part filling
pattern is analyzed and the effect of EPCM’s filling proportion is
investigated. Then, to avoid the overheating of catalyst caused by
high filling proportion of EPCM filled in 1-part filling pattern, multi-
part filling pattern of EPCM is proposed and its steady performance
is analyzed. Afterwards, dynamic thermal and chemical behaviors
of SPTRR all filled with catalyst (i.e., without EPCM), partly filled
with EPCM in different filling patterns under unsteady conditions
of solar radiation are compared. Finally, in order to further improve
the unsteady performance of SPTRR with the arrangement of
different EPCM, sensitivity of EPCM’s thermophysical properties on
solar chemical reactor is discussed and optimal cascaded EPCMs is
determined for the best comprehensive unsteady performance of
SPTRR.
2. Model

2.1. Physical model

The structure of solar parabolic trough receiver reactor (SPTRR)
partly filled with EPCM for methanol steam reforming reaction is
illustrated in Fig. 1, which is mainly composed of 3 components:
receiver tube, packed EPCM bed and packed catalyst bed. In present
paper, LS2 solar parabolic trough receiver (Dudley et al., 1994),
which is widely used in trough concentrated solar power plant, is
employed to collect solar radiation and generate heat on the surface
of a receiver tube for chemical reactions.

EPCM and catalyst are packed in different positions of SPTRR
and separated by perforated plate, instead of mixed up like ref
(Odunsi et al., 2016), to avoid the local hot or cold point caused by
the non-uniformmixture of EPCM, which may lead to the failure of
catalyst (Zhang et al., 2010). Also, the separately filling method of
EPCM is easy for separation of catalyst and EPCM for future reuse.
During the solar thermochemical reaction, solar radiation is pro-
jected on the outer surface of receiver, and then heat is transferred
to EPCM and catalyst. After flowing into solar chemical reactor from
inlet, reactants are heated in EPCM part at first and then flows into
catalyst part, and reactions occur on the surface of catalyst. Finally,
reactants and reaction product flow out of the reactor from outlet.
The structural parameters of SPTRR are listed in Table 1. The tube is
made of stainless steel 310 S. The density, specific heat and thermal
conductivity of 310 S is 8 g cm�3, 500 J kg�1$K�1 and
14.2 W m�1$K�1, respectively.

In SPTRR, Cu/ZnO/Al2O3 pellet (Peppley et al., 1999) is packed as
Fig. 1. Physical model structure of S
catalyst and Sn@SiO2, in which Sn is PCM and SiO2 is the shell
material of EPCM, is selected as EPCM (Zhang et al., 2010), due to
Sn’s proper melting point (505 K), high thermal conductivity and
large latent heat. The thermophysical properties of catalyst and
EPCM are shown in Table 1.

As indicated in reference (Wang et al., 2014), the influence of
solar radiation distribution on the outer surface of solar chemical
reactor is negligible. Meanwhile, the distribution uniformity of
solar radiation can be greatly improved through somemethods (He
et al., 2018), such as adding secondary reflector (Gee and Winston,
2001), variable focus parabolic trough (Tsai and Lin, 2012) or
adjusting aiming strategy (Qiu et al., 2017; Wang, K. et al., 2017).
Thus, it is reasonable to assume that the solar radiation’s distri-
bution on the chemical reactor is uniform in the present paper. In
addition, some assumptions are made to develop the mathematical
model of SPTRR:

(1) The inlet mass flow rate and temperature of reactor are
constant.

(2) The gas of reactant (CH3OH and H2O) and reaction produc-
tion can be treated as ideal gas.

(3) The packed catalyst bed is treated as isotropic porous media.
(4) The fluid phase and solid phase are in local thermal equi-

librium (Odunsi et al., 2016).
(5) The EPCM and catalyst have the same size. And the porosities

of packed catalyst and EPCM bed are equal (Nie et al., 2013).
2.2. Governing equation

The computational domain of a SPTRR partly filled with EPCM is
shown in Fig. 2, which consists of packed EPCM bed, packed catalyst
bed and outer tube, as illustrated in physical model of SPTRR in
Fig. 1.
2.2.1. Packed EPCM bed region
The fluid flow in the packed EPCM bed is turbulent. The stan-

dard k-ε turbulent model is adopted in present paper due to its
robustness, economy and reasonable accuracy for a wide range of
turbulent flows. Governing equations including continuity equa-
tion, momentum equation and energy conversation equation can
be expressed as follows.

The continuity equation:
PTRR partly filled with EPCM.



Table 1
Structural parameters of solar chemical reactor (Harold et al., 2003) and thermophysical properties of catalyst and EPCM.

Parameter Value

Structural parameters of solar chemical reactor
Inner diameter of reactor tube Di/m 0.066
Outer diameter of reactor tube Do/m 0.07
Length of reactor tube Ltube/m 5
Inlet molar ratio of H2O/CH3OH 1.1
Thermophysical properties of catalyst and EPCM
Density of catalyst and EPCM rcat and rEPCM /kg$m�3 1300, 7184
Specific heat of catalyst and EPCM cp;cat and cp;EPCM /J$kg�1 K�1 542, 244
Thermal conductivity of catalyst and EPCM lcat and lp;EPCM /W$m�1$K�1 20, 67
Porosity of packed catalyst and EPCM bed εcat and εEPCM 0.4, 0.4
Melting temperature of EPCM Tm/K 505
Latent heat of EPCM LEPCM/J$kg�1 60500

Fig. 2. Computational domain of solar chemical reactor partly filled with EPCM.
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vðεEPCMrÞ
vt

þV , ðεEPCMr u!Þ¼0 (1)

where εEPCM is the porosity of packed catalyst bed, r is the density
of flow fluid, u! is the physical velocity of mixture fluid.

The momentum equation is expressed as:

vðεEPCMr u!Þ
vt

þV , ðεEPCMr u!u!Þ¼ � εEPCMVpþV ,"
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where mt and m are, respectively, the turbulent and dynamic vis-

cosity of flow fluid, S
!

i is source term. The dynamic viscosity m can
be expressed as (Hsueh et al., 2011):
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where Mi and Mw;j present the mole fraction and molar mass of
specie i, respectively.

Source term S
!

i can be calculated by Eq. (5).

S
!

i ¼ �
�
ε
2
EPCM

mþ mt
kEPCM

u!þ1
2
ε
3
EPCMbrj u!j u!

�
(5)

where the permeability kEPCM and loss coefficient of resistance b are
given by the Ergun equation (Ergun, 1952).
kEPCM ¼ d2EPCMε
3
EPCM

.h
150ð1� εEPCMÞ2

i
(6)

b¼3:5ð1� εEPCMÞ
.�

dEPCMε
3
EPCM

�
(7)

where dEPCM is the average diameter of EPCM and can be calculated
by Eq. (8) (Zheng et al., 2015).

εEPCM ¼0:375þ 0:34dEPCM
Di

(8)

where Di is the inner diameter of reactor tube.
k (turbulence kinetic energy) equation:

vðrkÞ
vt

þV , ðr u!kÞ¼V ,

��
mþ mt

sk

�
Vk
�
þGk � rε (9)

ε (turbulence kinetic energy dissipation rate) equation:

V , ðr u!εÞ¼V ,

��
mþ mt

sε

�
Vε

�
þ ε

k
ðc1Gk � c2rεÞ (10)

where sk and sε are, respectively, the Prandtl number of k and ε, Gk

presents the generation of turbulence kinetic energy caused by
gradient of mean temperature, c1 and c2 are constants. mt and Gk can
be obtained by Eq. (11)and Eq. (12) respectively.

mt ¼ cmr
k2

ε

(11)

Gk ¼mt
vui
vxj

 
vui
vxj

þ vuj
vxi

!
(12)

where cm is a constant. The standard value of constants in k equa-
tion and ε equation are: cm ¼ 0.09, c1 ¼ 1.44, c2 ¼ 1.92, sk ¼ 1.0,
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sε ¼ 1.3.
The “effective heat capacity method” is employed to calculate

the specific heat of EPCM during phase transition (Odunsi et al.,
2016), which is shown in Eq. (13)

cp;EPCM;eff ¼

8>>>>>>><>>>>>>>:

cp;EPCM; T < Tm � DT
2

cp;EPCM þ LEPCM
DT

; Tm � DT
2

� T < Tm þ DT
2

cp;EPCM; T � Tm þ DT
2

(13)

where DT is set to 2 K in this study (Odunsi et al., 2016).
The energy conservation equation for the packed EPCM region

can be formulated by

v
h
εPECMrfcp;fT þ ð1� εEPCMÞrEPCMcp;EPCM;effT

i
vt

þV ,
�
rfcp;f u

!T
�
¼V,

�
leffVT
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where the effective thermal conductivity of packed region leff ,
thermal conductivity of fluid mixture lf , and specific heat of fluid
mixture cp;f can be obtained by Eq.15e17.

leff ¼ εcatlf þ ð1� εcatÞlcat (16)

lf ¼
X
i

MiliP
jMj4ij

(15)

cp;f ¼
X
i

micp;i (17)
2.2.2. Packed catalyst bed region
Governing equations of packed catalyst bed region including

continuity equation, momentum equation, k-ε equation, specie
equation and energy conversation equation can be expressed as
follows.

The continuity, momentum, and k-ε equations of packed catalyst
bed region are same with those of packed EPCM bed region.

The species conversation equation for each specie i can be
expressed as:

vðrmiÞ
vt

þV , ðr u!miÞ¼V ,

��
rDm;i þ

mt
Sct

�
Vmi

�
þ Yi (18)

wheremi and Dm,i are mass fraction and mass diffusivity of specie i,
Sct is the Schmidt number and set to be 0.7 (Zheng et al., 2015) in
present study. Yi is the source term for chemical reaction of specie i
and can be expressed in Eq. (19).

Yi ¼
8<:Mw;i

XNR

r¼1

bRi;r catalyst bed

0 EPCM bed

(19)

where bRi;r represents the generating/consuming rate of specie i.
Reactions occurring in the packed catalyst bed mainly include 3

chemical processes: methanol steam reforming reaction (MSR),
methanol decomposition reaction (MDR), and wateregas shift re-
action (WSR), which can be expressed as follows:
CH3OHþH2O%CO2 þ 3H2 (20)

CH3OH%COþ 2H2 (21)

COþH2O%CO2 þ H2 (22)

The comprehensive chemical kinetic model of methanol steam
reforming model proposed by Peppley et al. (1999) is employed in
this paper, which are shown in Eq. 23e25.
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p1=2
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1A2 (25)

where RR, RD and RW represent the reaction rates of MSR, MDR and
WSR, respectively; pi is the partial pressure of specie i, CS1 and CS2
are the concentration of active site S1 and S2 on the catalyst surface,
respectively; Sg presents the surface area of catalyst. These pa-
rameters are shown in Table A1.

Thus, the generating/consuming rate for each specie can be
obtained through Eq. 26e30.

YCH3OH¼ � ðRR þRDÞMw;CH3OH (26)

YH2O ¼ �ðRR þ RWÞMw;H2O (27)

YCO2
¼ðRR þRWÞMw;CO2

(28)

YH2
¼ð3RR þ2RD þRWÞMw;H2

(29)

YCO¼ðRD �RWÞMw;CO (30)

The energy conservative equation in the packed catalyst bed,
based on the local thermal equilibrium, can be expressed as:

v
h
εcatrfcp;fTþð1� εcatÞrcatcp;catT

i
vt

þV,
�
rfcp;f u

!T
�
¼V,

�
leffVT

�
þSt

(31)

where the energy source term St can be obtained by Eq. (32). In
equations, ho,i represents the enthalpy of formation for specie i,
which is given in Table A2.
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2.2.3. Outer tube region
The energy conservative equation for heat conduction in the

outer region can be expressed as:

v
�
rcpT

	
tube

vt
¼V,ðltubeVTÞ (33)

where ltube is the thermal conductivity of tube.

2.3. Boundary and initial condition

As shown in the computational domain of Fig. 2, the boundary
condition can be expressed as follows:

(1) For the packed catalyst and EPCM bed, the inlet and outlet
boundary can be defined as:

Inlet: Flow velocity, temperature condition are constant and
molar ratio of H2O/CH3OH is equal to be 1.1 to guarantee the high
conversion of methanol.

u ¼ uin, T ¼ Tin ¼ 423.15 K, MH2O/MCH3OH ¼ 1.1.

Outlet: constant pressure (p ¼ pout ¼ 101325 Pa).

(2) For the tube region, the end surfaces are adiabatic wall and
can be expressed as:

vT/vx ¼ 0.

(3) The axis of symmetry can be expressed as: v u!
vr ¼ vT

vr ¼ 0
(4) The interface between tube and packed catalyst/EPCM is

coupled solid-fluid interface and can be defined as: u! ¼ 0,
Tcat ¼ Ttube.

(5) In present paper, the direct normal irradiance (DNI) is taken
as 600 W m�2 constantly for steady-state SPTRR, and the
average local concentration ratio (LCR) is set to 20 (Zheng
et al., 2015), thus the heat flux on the outer surface of tube
is 12000 W m�2.

The initial condition is set as follow. The temperature of tube of
reactor, catalyst and EPCM are set to be the same at 473 K. In the
reactor, the molar ratio of steam-and-methanol is set to be 1.1, the
molar concentrator of H2, CO2 and CO are all set to be 0.

2.4. Performance indicator of solar thermochemical reactor

The operation state of solar thermochemical reactors usually
depends on the weather condition: solar thermochemical reactors
are in steady state for sunny day with abundant and stable solar
radiation, meanwhile in dynamic state for cloudy day with low and
unsteady solar radiation. Thus, the steady-state and dynamic-state
chemical performance of solar thermochemical reactor needs to be
evaluated.

In present paper, the steady-state chemical performance of solar
thermochemical reactor under steady condition of solar radiation is
evaluated by methanol conversion efficiency hc which can be
expressed as:

hc ¼
_mCH3OH;in � _mCH3OH;out

_mCH3OH;in
(34)

where the _mCH3OH;in and _mCH3OH;out are the mass flow rate of
methanol at the inlet and outlet of reactor, respectively. _mCH3OH can
be calculated by:

_mCH3OH¼ εcatAcrossruxmCH3OH (35)

where Across is the crossing area of the solar thermochemical
reactor.

For the unsteady condition of solar radiation, the solar radiation
variationwith time can roughly be divided into two different types:
single step fluctuation and successive step fluctuation, which are
shown in Fig. 3 (a) and (b) respectively, as indicated in Ref (Ma et al.,
2018). Then, the delay response time Dt50;hc

(Fridman, 2014) and
relatively vibration amplitude ghc

of methanol conversion effi-
ciency are adopted as evaluating indicators for the dynamic-state
chemical performance of SPTRR under single and successive fluc-
tuation of solar radiation respectively. The former one reflects the
ability of SPTRR to retard the adverse effect of solar radiation’s
single fluctuation. And the latter one reveals the ability of SPTRR to
keep stable under the successive fluctuation of solar radiation.

Dt50;hc
is the delay time of SPTRR responses to the change of

solar radiation and defined as the time SPTRR takes duringwhich hc
changes by 50% of Dhc;total. And Dhc;total is the total absolute dif-
ference of stable methanol conversion efficiency before and after
the change of solar radiation, which can be expressed as:

Dhc;total ¼



hc;after � hc;before




 (36)

ghc
is defined as the vibration amplitude of hc over the time-

averaged hc during one period of solar radiation’s successive fluc-
tuation when SPTRR reaches a repeatable state, and can be
expressed as:

ghc
¼
�
hc;max � hc;min

	�
2

hc;ave
(37)

where hc;max, hc;min and hc;ave present the highest, lowest and the
average value of the methanol conversion efficiency of SPTRR
during a cycle of solar radiation’s fluctuation.

2.5. Numerical method and model validation

The governing equations described above is solved by the Finite
Volume Method (FVM). SIMPLE algorithm (Tao, 2001) is employed
to achieve the coupling between velocity and pressure. The
convective terms in momentum, species, and energy equations are
discretized by second-order upwind scheme. Commercial Compu-
tational Fluid Dynamic (CFD) software Fluent is used to solve the
governing equations. Calculation results from 4 different grid sys-
tems are compared to test the independence of grid, which are
listed in Fig. 4 (a). From this figure, it can be seen that the difference
of calculated methanol conversion efficiency between the gird
system of 5000(x) � 36(r) and 10000(x) � 72(r) are negligible,
indicating that the grid system of 5000(x) � 36(r) is adequate for
simulating the heat transfer and chemical reaction in this solar
chemical reactor, and will be adopted in the following simulations.
As for the time-step independence test, simulation results of



Fig. 3. Illustration of two different typical solar radiation fluctuations.

Fig. 4. Grid and time-step independence test.

Fig. 5. Methanol conversion efficiency comparison between experiment (Peppley
et al., 1999) and simulation.
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different time steps ranging from 0.5 s to 5 s are examined. Fig. 4 (b)
illustrates the result of time-step independence test with 4
different time steps. It can be seen that the variation curves of
methanol conversion efficiency with time for time step of 1s and 2s
is relatively close. As a result, the time step of 2 s is adopted in the
simulations for adequate calculation accuracy and acceptable
computational cost.
For the model validation, calculation results in present paper are

compared with the experimental data from Peppley (Peppley et al.,
1999). In the experiment, the length and nominal diameter of
reactor are 30 cm and 2.21 cm respectively. The Cu/ZnO/Al2O3
catalyst is packed in the reactor. During the experiment, the total
pressure is 1.01 bar, and themolar ratio of water-to-methanol is 1.0.
The numerical results and experimental data are compared at the
temperature of 513 K and 533 K respectively. The comparison re-
sults are shown in Fig. 5, which shows that simulation results are in
good agreement with experimental data for different operation
temperature (513 K and 533 K) and mass flow rates of reactant and
validates the accuracy of model established.
3. Results and discussion

3.1. Steady-state thermal and chemical performance of SPTRR
partly filled with EPCM under steady condition of solar radiation

In this section, firstly, EPCM is packed in 1-part filling pattern
and the performance of SPTRR with different filling proportions of
EPCM in 1-part filling pattern are analyzed. Then, to avoid the
overheat of catalyst caused high filling proportion of EPCM with 1-
part filling pattern, multi-filling pattern is proposed and the effect
of EPCM filling pattern is discussed. In our simulations for the
steady-state performance of SPTRR, the inlet mass flow rate of
reactant is set to 0.01 kg s�1, and the heat flux on the outer surface
of reactor is 12000 W m�2.



Fig. 6. Thermal and chemical performance of SPTRR with different filling proportions of EPCM in 1-part filling pattern.
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3.1.1. Influence of EPCM’s filling proportion in SPTRR with 1-part
filling pattern

Fig. 6 (a) and (b), respectively, shows the variation of cross-
sectional averaged temperature and methanol consumption rate
along flow direction of SPTRR for different filling proportions of
EPCM in 1-part filling pattern. From Fig. 6 (a), it can be seen that
when the filling proportion f¼ 0, namely SPTRR is fully packedwith
catalyst, the cross-sectional averaged temperature increases rapidly
along the flow direction initially, and then the rate of increase in
temperature is reduced due to the increasing chemical reaction rate
of endothermic reaction (MSR and MDR) after x ¼ 0.5 m, as can
been observed in Fig. 6 (b). When x is larger than 2 m, with the
consumption of reactants along the flow direction, the reaction rate
decreases gradually and more solar energy is transferred into the
sensible heat of fluid, thus the rate of increase in temperature is
elevated again. In SPTRR partly filled with EPCM, namely f¼ 0.1, 0.2,
0.3, when reactants flow into reactor, they are heated in the packed
EPCM bed first, no reactions occur and the cross-sectional tem-
perature of SPTRR increases linearly along the flow direction. When
reactants flow into the packed catalyst region, the temperature
drops rapidly because the endothermic chemical reactions (MSR
and MD) occur at a relatively large reaction rate due to its high
temperature and concentration of reactants as can be seen in Fig. 6
(b). With the consumption of reactants and decreasing of reaction
rate along the flow direction, the temperature increases gradually
again after reaching the lowest temperature. It can be found that as
f increases, the highest temperature and consumption rate of
CH3OH in SPTRR are both elevated which can benefit the volume-
average reaction rate in the packed catalyst region.

Fig. 6 (c) shows the total thermal and chemical performance of
SPTRR with different filling proportions of EPCM in 1-part filling
pattern. As can be seen from this figure, with the increasing of
filling proportion f, the maximum temperature of catalyst is
improved. When f increases from 0 to 0.3, the maximum temper-
ature of catalyst is improved by 72.1 K and reaches as high as 625 K,
which is beyond the allowable temperature limit for catalyst of
573 K (Wang, Y.J. et al., 2017). Thus, to ensure the long term and safe
operation of SPTRR, the filling proportion of EPCM in reactor should
not exceed 0.2.

As for the chemical performance, with the rising of f, which
means less usage of catalyst in SPTRR, the methanol conversion
efficiency and production rate of H2 are almost unchanged, which
can stay at 0.926 and 3.84 kg h�1, respectively. This phenomenon
can be explained by the fact that higher filling proportion of EPCM
can lead to the higher average catalyst temperature and faster
volumetric-averaged reaction rate. And the production rate of CO is
improved slightly with the increase of f, because the higher tem-
perature of catalyst caused by higher f can accelerate chemical re-
action rate of methanol decomposition reaction to produce more
CO.
3.1.2. Multi-part filling pattern of EPCM
As mentioned above, when EPCM only filled in the inlet part of

SPTRR, the filling proportion of EPCM should not exceed 0.2 to
avoid overheating of the catalyst. To further increase the thermal
inertia (Odunsi et al., 2016) and improve the thermal stability of
SPTRR under unsteady condition within the limited temperature
range (lower than 573 K), the multi-part filling pattern of EPCM is
proposed, such as 2-part, 3-part and 4-part filling pattern, which
means that EPCM are separately packed into several different



Fig. 7. Illustration of SPTRR with 1-part and 4-part filling pattern of EPCM.

Table 2
Parameters of SPTRR with multi-part filling pattern of EPCM.

Length of each part (Total length ¼ 5 m) Filling pattern of EPCM

1 part 2 parts 3 parts 4 parts

No. 1 1.1 m (EPCM) 1.1 m (EPCM) 1.1 m (EPCM) 1.1 m (EPCM)
No. 2 3.9 m (Catalyst) 0.5 m (Catalyst) 0.5 m (Catalyst) 0.5 m (Catalyst)
No. 3 e 0.5 m (EPCM) 0.5 m (EPCM) 0.5 m (EPCM)
No. 4 e 2.9 m (Catalyst) 0.5 m (Catalyst) 0.5 m (Catalyst)
No. 5 e e 0.5 m (EPCM) 0.5 m (EPCM)
No. 6 e e 1.9 m (Catalyst) 0.5 m (Catalyst)
No. 7 e e e 0.5 m (EPCM)
No. 8 e e e 0.9 m (Catalyst)
Total filling proportion of EPCM 0.22 0.32 0.42 0.52
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positions of SPTRR. Fig. 7 (a) and (b) illustrate SPTRR with 1-part
and 4-part filling pattern of EPCM respectively. In SPTRR with 4-
part filling pattern of EPCM, EPCM are separately packed into 4
different parts of SPTRR, and packed EPCM beds are separated by
the packed catalyst bed. Table 2 lists the structural parameters of
different multi-part filling patterns to be investigated in present
paper. For all of multi-part filling patterns, the first filling part of
EPCM is at inlet area of SPTRR to improve the average temperature
of catalyst and lengths of each part are selected to prevent tem-
perature over-rising above the temperature limit of catalyst.

Fig. 8 (a) and (b) present the variation of cross-sectional aver-
aged temperature and methanol consumption rate along fluid flow
direction in SPTRR with different filling patterns of EPCM respec-
tively. It is found in Fig. 8 (a) that in each EPCM-packed region,
temperature increases linearly along the flow direction and drops
rapidly in catalyst-packed region due to the endothermic reaction
of MSR and MD. It can be noted that in the catalyst-packed region,
the changing trends of temperature in catalyst-packed bed are
almost the same for all of these different filling patterns of EPCM.
From Fig. 8 (b), it can be seen that for SPTRR with 4-part filling
pattern of SPTRR, the highest methanol consumption rate in each
catalyst-packed region gradually decreases along the flow direction
due to the decrease of reactants’ concentration.

Fig. 8 (c) shows the total thermal and chemical performance of
SPTRR with different filling patterns of EPCM. As the filling part
number of EPCM in SPTRR increases, the filling proportion of EPCM
and maximum temperature of catalyst are both improved.
Compared to SPTRR fully filled with catalyst, when EPCM is filled in
SPTRR with 4-part filling pattern, the filling proportion of EPCM
largely increases to 0.52, meanwhile the maximum temperature of
catalyst is 572.1 K which is still within the temperature limit of
catalyst. As for the chemical performance, with the increasing of
EPCM’s filling parts, the methanol conversion efficiency keeps
almost unchanged. When the filling pattern is changed from ‘All-
catalyst’ to 4-part filling pattern, the methanol conversion effi-
ciency of SPTRR is only reduced by about 1%, meanwhile the usage



Fig. 8. Thermal and chemical performance of SPTRRs with different filling patterns of EPCM.

Z. Ma et al. / Journal of Cleaner Production 279 (2021) 12316910
of catalyst is reduced by 52% and thermal inertia is largely
improved with high filling proportion of EPCM. As for the pro-
duction of reaction, as the filling pattern of EPCM is adjusted from
1-part to 4-part pattern, the production rate of H2 is reduced by
1.8% and the production rate of CO is improved by 60.6%.

From the results above, it can be concluded that by packing
EPCM in SPTRR in multi-part filling pattern, SPTRR can keep high
methanol conversion efficiency with much less usage of catalyst,
large mount (f ¼ 0.52) of EPCM within the temperature limit.

3.2. Dynamic chemical performance of SPTRR partly filled with
EPCM under unsteady condition of solar radiation

Impacted by the clouds transients, the solar radiation on the
outer surface of SPTRR fluctuates greatly (Rowe et al., 2018). Thus,
unsteady performance of SPTRR with partly filled with EPCM under
different solar radiation’s fluctuation needs to be investigated. In
this section, the dynamic response of SPTRR with partly filled with
EPCM to solar radiation’s fluctuations are analyzed. As illustrated in
Fig. 3, for the single step fluctuation of solar radiation, solar flux on
the outer surface of SPTRR keeps constant at 12000 W m�2 before
3 min, and then the solar flux suddenly drops to 0 after 3 min in
simulations. Correspondingly, for the successive step fluctuation of
solar radiation, the solar flux switches between 12000 and 0Wm�2

for every 3 min, which is one of common time intervals for clouds
transients as indicated in Ref (Ma et al., 2018).

3.2.1. Dynamic chemical behavior of SPTRR under single step
fluctuation of solar radiation

In this section, the step fluctuation of solar radiation illustrated
in Fig. 3 (a) is projected on the outer surface of SPTRR. Fig. 9 (a)
shows methanol conversion efficiency variation with time for
different filling patterns of EPCM under single step fluctuation of
solar radiation in Fig. 3 (a). As can be seen, after the solar radiation
disappears after t ¼ 3 min, methanol conversion efficiency of all
SPTRRs drops at the beginning, and then the decreasing rate slows
down gradually. For SPTRRs all packed with catalyst, methanol
conversion efficiency gradually approaches a relatively low value
which is almost equal to zero, while for SPTRRs partly filled with
EPCM, methanol conversion efficiency drops to a relative high level
and keeps stable for a long term firstly, and then decreases again to
approach near zero. It can be found that as the filling parts of EPCM
increases, the stable value in the decreasing process of methanol
conversion efficiency is higher and the duration time of methanol
conversion efficiency above a certain value (like 0.3) is extended.
When the filling pattern of EPCM changes from all-catalyst to 4-
part filling pattern, the stable value of methanol conversion effi-
ciency increases largely from near zero to 0.310, and the duration
time of methanol conversion efficiency above 0.3 after the disap-
pearance of solar radiation extends from 2.1 min to 15min. This
phenomena is caused by the fact that as the filling pattern of EPCM
changes from all-catalyst to 4-part pattern, the filling proportion of
EPCM in SPTRR increases which can provide more latent heat for
chemical reaction and can also improve the average temperature of
catalyst after the disappearance of solar radiation to keep methanol
conversion efficiency at a relatively higher value for longer time.
Fig. 9 (b) illustratesDt50;hc

of SPTRR with different filling patterns of
EPCM under single step fluctuation of solar radiation. As shown in
Fig. 9 (b), when the filling pattern of EPCM is adjusted from all-
catalyst to 4-part pattern, the delay response time of methanol



Fig. 9. Methanol conversion efficiency variation with time and Dt50;hc
for different filling patterns of EPCM under single step fluctuation of solar radiation.

Fig. 10. Methanol conversion efficiency variation with time and ghc
for different filling patterns of EPCM under successive fluctuation of solar radiation.
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conversion efficiency increases from 1.27 min to 2.07 min, which is
prolonged by 63.2% and the ability of SPTRR to retard the adverse of
solar radiation’s single fluctuation is improved.
3.2.2. Dynamic chemical behavior of SPTRR under successive
fluctuation of solar radiation

In this section, the successive fluctuation of solar radiation
illustrated in Fig. 3 (b) is projected on the outer surface of SPTRR.
Fig. 10 (a) and (b) show instant and vibration amplitude of meth-
anol conversion efficiency for different filling patterns of EPCM
under successive fluctuation of solar radiation respectively. Clearly,
from Fig. 10 (a) it can be seen that under the successive fluctuation
of solar radiation, the methanol conversion efficiency of all SPTRRs
vibrates with the fluctuation of solar radiation. And with the vi-
bration process, vibration amplitudes of methanol conversion ef-
ficiency gradually decreases and finally reaches a repeatable
fluctuation. It can be found that compared with all-catalyst, when
SPTRR is full with EPCM in 4-part filling pattern, the lowest
methanol conversion efficiency after SPTRR reaches a repeatable
state is largely elevated from 0.213 to 0.314.

When the methanol conversion efficiency is relatively low (less
than 0.3), there is too much impure substance in the reaction
production which can lead the subsequent processes (separation
and purification, such as pressure swing adsorption (Liu et al.,
2009)) to consume more energy and is very harmful to the econ-
omy of reaction system (Saade et al., 2014). Thus, in the present
paper, the lowest limit of methanol conversion efficiency is set to
0.3, below which the production flows out from SPTRR is not to be
further separated and purified and production of reactor is not
considered in the calculation of methanol conversion efficiency.
Fig. 10 (b) shows that with the increasing of EPCM’s filling parts in
SPTRR, the time-averaged methanol conversion efficiency is pro-
moted. As for the stability of SPTRR under successive fluctuation of
solar radiation, the relatively vibration amplitude of methanol
conversion efficiency is damped gradually as the filling parts of
EPCM increases due to the elevation of thermal inertial. For
example, compared with SPTRR fully packed with catalyst, the
time-averaged value and relatively vibration amplitude of meth-
anol conversion efficiency in SPTRR with 4-part filling pattern of
EPCM are respectively, improved by 16.5% and damped by 48.7%.
Thus, it can be considered that compared to fully filled with cata-
lyst, the time-averaged chemical performance and stability of
SPTRR can be highly improved by filling EPCM with multi-part
filling pattern. For the practical application, the reactor with 4-
part filling pattern of EPCM can replace the reactor fully packed
with catalyst for less usage of catalyst and more stable



Fig. 11. Dynamic chemical performance of SPTRR with different melting temperatures under fluctuation of solar radiation.
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performance.

3.3. Effect of EPCM’s thermophysical properties on chemical
performance of SPTRR

Thermophysical properties of EPCM, such as melting tempera-
ture and latent heat, are the key factors for chemical performance of
SPTRR partly filled with EPCM, in this section, sensitivity of EPCM’s
thermo-physical properties on solar chemical reactor is discussed
at first. And then to fully utilize the latent heat of EPCM and further
improve the dynamic performance of SPTRR, the EPCM in SPTRR is
arranged in a cascaded way (Yuan et al., 2018) and the best
cascaded EPCMs is selected for the best comprehensive unsteady
performance of SPTRR. In this section, effects of melting point and
latent heat of EPCM are discussed. In simulations, EPCM is filled
into SPTRR with 4-part filling pattern.

3.3.1. Effect of EPCM’s melting temperature
Fig. 11 (a) shows the methanol conversion efficiency variation

with time of SPTRR with different melting temperature under
single step fluctuation of solar radiation. It can be seen that as the
melting temperature of EPCM increases, methanol conversion ef-
ficiency SPTRRwhich can be kept stable in the decreasing process is
higher, and the time duration of the stable methanol conversion
efficiency is shorter. This is due to the fact that with increasing of
EPCM’s melting temperature, the initial melting proportion of
EPCM is reduced and the latent heat stored by EPCM for thermo-
chemical reaction is lesser. Another reason is that higher value of
stable methanol conversion efficiency leads to larger heat releasing
rate from EPCM to chemical reactions and the latent heat stored by
EPCM is consumed faster, thus the duration of methanol conversion
efficiency keeping stable is shorter. For example, when the melting
temperature of EPCM is improved from 485 K to 525 K, the stable
methanol conversion efficiency in the decreasing process is pro-
moted from 0.206 to 0.437, which is improved by 107.4%, while the
duration time is shortened by about half. Fig. 11 (b) shows Dthc;50 of
SPTRR partly filled with EPCM for different melting temperature
under single step fluctuation of solar radiation. Clearly, as the
melting temperature of EPCM increases, Dt50;hc

of SPTRR is gradu-
ally improved due to the elevated value of stable methanol con-
version efficiency in decreasing process. For example, when
melting temperature of EPCM increases from 485 K to 565 K, Dt50;hc

is elevated from 2.03min to 5.57 min, which is improved by 173.8%.
Fig. 11 (c) shows chemical performance of SPTRR partly filled

with EPCM for different melting temperature under successive
fluctuation of solar radiation. It can be seen that with the increasing
of EPCM’s melting temperature, the time-averaged methanol con-
version efficiency increases at first and reaches the highest value of
0.483 at Tm ¼ 505 K, and then decreases gradually. Also it can be
noted that as Tm increases, ghc

decreases at first, reaches the lowest
value of 0.367 at Tm ¼ 525 K, and then rises again. This phenomena
is caused by the fact that when Tm is too low or too high, the pro-
portion of EPCM that undergoes phase change during the one cycle
of solar radiation’s successive step fluctuation is small, and the ef-
fect of EPCM on alleviation of methanol conversion efficiency’s
fluctuation is attenuated. Thus, the melting temperature of EPCM



Fig. 12. Dynamic chemical performance of SPTRR with different latent heat under fluctuation of solar radiation.
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should be carefully considered and in this present paper, melting
temperatures of 505 K and 525 K are recommended due to their
high hc;ave and low ghc

in the methanol steam reforming reaction.
3.3.2. Effect of EPCM’s latent heat
In this section, the melting temperature of EPCM is set to 505 K

and 545 K, respectively. The effect of EPCM’s latent heat ranging
from 0.5 � L to 3 � L, where L is equal to the latent heat of Sn, is
analyzed.

Fig. 12 (a) shows the methanol conversion efficiency variation of
SPTRR with different latent heats of EPCM under step fluctuation of
solar radiation, separately. As can be seen in Fig. 12 (a), when the
latent of EPCM increases from 0.5 L to 3 L, the duration of stable
methanol conversion efficiency in the decreasing process is longer,
due to the fact that more latent heat can be released from EPCM to
chemical reaction with the increase of latent heat. Due to the fact
that Tm can greatly influence the stable value of methanol conver-
sion efficiency in the decreasing process, the stable methanol
conversion efficiency is 0.533 for Tm ¼ 545 K and 0.310 for
Tm ¼ 505 K, which are separately above and below the medium
value hc;medium (0.465) between the initial and final methanol
conversion efficiency. This phenomena can lead to large difference
of effect which latent heat has on Dt50;hc

between melting tem-
perature of 505 K and 545 K, which is illustrated in Fig. 12 (b). As
can be seen, effect of latent heat on Dt50;hc

varies based on Tm of
EPCM. As the latent heat of EPCM increases from 0.5 L to 3 L, Dt50;hc

is prolonged greatly from 3.8 min to 9.0 min for Tm ¼ 545 K, but it
keeps almost unchanged for Tm ¼ 505 K. Thus, it can be concluded
Tm and latent heat of EPCM should be accordingly selected for the
purpose of high Dt50;hc

.
Fig. 12 (c) illustrates the chemical performance of SPTRR with

different latent heat under successive fluctuation of solar radiation.
As can be seen in this figure, when Tm is equal to 505 K, with the
increasing of latent heat from 0.5 � L to 3 � L, hc;ave and ghc

are
improved by 14.5% and reduced by 5.1% respectively, while for
Tm ¼ 545 K, hc;ave and ghc

are almost unchanged. This phenomena
can be explained by the fact that when Tm is relatively high (such as
545 K), after SPTRR reaches repeatable state, only small part of
EPCM undergoes the melting-solidifying process, and then the
latent heat is not the key factor influencing the chemical perfor-
mance of SPTRR. When Tm is lower (such as 505 K), the proportion
of EPCM undergoing melting-solidifying process increases, and the
improvement of latent heat can contribute to the increase of hc;ave
and the decline of ghc

.

3.3.3. Performance improvement of SPTRR filled with cascaded
EPCM

As discussed above, the performance of SPTRR is greatly affected
by thermophysical properties of EPCM, which should be accord-
ingly selected to achieve highly efficient and stable performance for
SPTRR under unsteady condition of solar radiation. According to the
fact that EPCM temperature varies depended on the position in
SPTRR, thus in order to fully utilize the latent heat of EPCM (Yuan
et al., 2018) and further improve the dynamic performance of
SPTRR, EPCM is proposed to packed into SPTRR with cascaded way
(Yuan et al., 2018), where EPCMwith different melting temperature



Table 3
Thermophysical properties (Jankowski and McCluskey, 2014) of available EPCM for methanol steam reforming reaction.

No. Name Tm/K L/kJ$kg�1 r/kg$m�3 l/W$m�1$K�1 cp/kJ$kg�1$K�1

EPCM0 91Sn-9Zn (Indalloy 201) 472 71.2 7270 61 0.239
EPCM1 Sn 505 60.5 7280 73 0.257
EPCM2 Bi 544 53.3 9800 8.1 0.122

Table 4
Arrangement of cascaded EPCM.

Arrangement Part 1 Part 2 Part 3 Part 4

case1 EPCM1 EPCM1 EPCM1 EPCM1
case2 EPCM0 EPCM1 EPCM1 EPCM1
case3 EPCM1 EPCM1 EPCM1 EPCM2
case4 EPCM1 EPCM1 EPCM2 EPCM2
case5 EPCM0 EPCM1 EPCM1 EPCM2

Annotation: EPCM 0, EPCM1 and EPCM2 present 91Sn-9Zn, Sn and Bi, respectively.
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are arranged in series. Then the best cascaded arrangement of
EPCM is selected considering the overall dynamic performance of
EPCM.

Selected from the phase change material review (Jankowski and
McCluskey, 2014), available EPCM occupying large latent heat,
proper melting temperature (ranging from 423 K to 573 K) and high
safety are listed in Table 3.

Table 4 shows different arrangements of cascaded EPCM, in
which the melting temperature of EPCM increases or keeps un-
changed along the flow direction to follow the increasing trend of
SPTRR’s temperature. Melting temperature distributions of
Fig. 13. Chemical performance of SPTRR partly filled with
different cascaded EPCM are illustrated in Fig. 13 (a). Case1 presents
SPTRR partly fill with non-cascaded EPCM, and case2-5 are SPTRRs
partly filled with cascaded EPCM.

Fig. 13 (b) and (c) present the unsteady chemical performance of
SPTRR partly filled with cascaded EPCM under single step fluctua-
tion and successive fluctuation of solar radiation, respectively. As
can be seen in Fig. 13 (b), among arrangements of cascaded EPCM
(case2 ecase5), case4 shows longest Dt50;hc

, which is improved by
about 45.2% comparedwith non-cascaded (case1), Meanwhile, as is
shown in Fig. 13 (c), when the solar radiation fluctuates succes-
sively, compared to the non-cascaded EPCMs (case1), the cascaded
arrangement of EPCM has slight effect on the time-averaged hc, but
leads to higher ghc

. Take case4 as an example, which has highest ghc

among all cascaded cases, and ghc
of case 4 is expanded by 17.7%

compared to non-cascaded (case1). This phenomena can be
explained by the fact that, according to the result in Fig. 11 (b),
EPCM with high melting temperature has adverse effect on the
stability of SPTRR, and case4 has highest proportion of high-
melting-temperature EPCM among all cases (case1-case5) which
can lead to larger value of ghc

and worse stability.
To comprehensively evaluate the chemical performance of

SPTRR under different unsteady conditions, comprehensive
different cascaded EPCM under unsteady condition.



Fig. 14. u of SPTRR with different cascaded EPCM.
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indictor of unsteady chemical performance u is proposed. The
metric u involves not only the response time of SPTRR under single
step fluctuation of solar radiation, but also the stability of SPTRR
under successive fluctuation of solar radiation, which is defined as
Eq. (38). And higher u reflects better unsteady performance of
SPTRR.

uhc
¼
�

t50;hc

t50;hc;o

���
ghc

ghc;o

�
(38)

where t50;hc;o and ghc;o represent t50;hc
and ghc

of SPTRR fully packed
with catalyst.

Fig. 14 illustrates u of SPTRR with different cascaded EPCM. As
can be seen in this figure, among these different arrangements of
cascaded EPCM, case4 has the highest u of 3.40 and is improved by
23.2% compared to that of SPTRR with non-cascaded EPCM (case1).
Also, it also should be noted that the comprehensive unsteady
chemical performance indictor u of case 2 and case 5 (with
cascaded EPCM) are lower than that of case 1 (without cascaded
EPCM). Therefore, it can be concluded that the cascaded arrange-
ment of EPCM has the potential to improve the compressive un-
steady performance of SPTRR, and the arrangement of EPCM should
be carefully decided. In present paper, the cascaded EPCM of case4
is recommended and can improve the unsteady performance of
SPTRR at most. Thus, for the solar methanol steam reforming
reactor, the cascaded combination of Sn-Sn-Bi-Bi EPCM should be
applied in reactor to achieve high conversion efficiency and stable
production of hydrogen.
4. Conclusion

In present paper, solar parabolic trough receiver reactor partly
filled with encapsulated phase change material is proposed to
alleviate the adverse of could transients on the thermal and
chemical performance of solar thermochemical reactor. Firstly, a
two-dimensional computational model is established and validated
against experimental data. Then, the steady performance of SPTRR
partly filled with EPCM is explored and the effect of EPCM’s filling
proportion is discussed. Then, to avoid the deactivation of catalyst
caused by overheating with high filling proportion of EPCM in 1-
part filling pattern, multi-part filling pattern of EPCM is proposed.
Furthermore, thermal and chemical behaviors of SPTRR all filled
with catalyst and partly filled with EPCM under different unsteady
conditions are compared. Finally, the sensitivity of EPCM’s ther-
mophysical properties on solar chemical reactor is analyzed, and
optimal cascaded EPCMs is obtained for the best comprehensive
performance of SPTRR. Compared with traditional industrial
procedure, the solar-driven hydrogen production can greatly
reduce the CO2 emission and achieve the zero-carbon utilization of
clean energy. The proposed solar thermochemical reactor with
encapsulated phase change material can improve the chemical
conversion efficiency and stability of hydrogen production, which is
very beneficial to environment and sustainable development. To
promote the practical application of reactor with partly filled
encapsulated phase change material, the fabrication method of
high-temperature encapsulated phase change material should be
further explored. The actual performance of reactor under realistic
solar radiation will be experimentally investigated for the future
work. The salient findings are as follows:

(1) When solar radiation is stable, as the filling proportion of
EPCM in SPTRR with 1-part filling pattern increases, the
steady-state chemical performance of SPTRR keeps at high
level with less catalyst, and the maximum temperature of
catalyst also increases. For example, when the filling pro-
portion of EPCM in SPTRR increases from 0 to 0.3, with the
decreasing usage of catalyst, the methanol conversion effi-
ciency and production rate of H2 are almost unchanged. This
phenomena can be explained by the fact that higher filling
proportion of EPCM can lead to the higher average catalyst
temperature and faster volumetric-averaged reaction rate.
However, the filling proportion of EPCM in 1-filling pattern
should not exceed 0.2 to ensure the long and safe operation
of SPTRR.

(2) For the steady-state chemical performance, compared with
1-part filling pattern, when EPCM is filled into SPTRR with
multi-part filling pattern as proposed in this paper, SPTRR
can be filled with larger filling proportion (f ¼ 0.52 for 4-part
filling pattern) of EPCM and lesser catalyst (only 48%
compared with SPTRR fully filled with catalyst for 4-part
filling pattern) which still satisfies the requirement of cata-
lyst temperature and keep high methanol conversion
efficiency.

(3) For the dynamic chemical performance, the delay response
time and stability of SPTRR with EPCM in multi-part filling
pattern under unsteady condition can be largely improved.
When the filling method of EPCM is adjusted from all-
catalyst to 4-part pattern, the delay response time and
relatively vibration amplitude of methanol conversion effi-
ciency under single and successive step fluctuation of solar
radiation are, respectively, prolonged by 63.2% and damped
by 48.7% which are beneficial for control of SPTRR and stable
separation and purification process of reaction production.

(4) The dynamic chemical performance of SPTRR is greatly
affected by thermophysical properties of EPCM and the
cascaded arrangement of EPCM has the potential to improve
the compressive dynamic performance of SPTRR. The
comprehensive unsteady performance indicator of SPTRR
filled with the optimal cascaded EPCM is 23.2% higher than
that of SPTRR with non-cascaded EPCM of Sn@SiO2.
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Appendix A
Table A1
Parameters in chemical kinetic models of methanol steam reforming reaction (Harold et al., 2003; Peppley et al., 1999)

Parameters Value Parameters Value

kR/m2$s�1$mol�1 7.4 � 1014e�102800/(RT) KH(1) e�100.8/Rþ50000/(RT)

kD/m2$s�1$mol�1 3.8 � 1020e�170000/(RT) KH(2) e�46.2/Rþ50000/(RT)

kW/m2$s�1$mol�1 5.9 � 1013e�87600/(RT) KR 10�3066/Tþ10.592

KCH3O(1) e�41.8/Rþ20000/(RT) KD 10�5139/Tþ12.621

KCH3O(2) e30/Rþ20000/(RT) KW 102073/T�2.029

KHCOO e179.2/R�100000/(RT) Cs1,Cs2/mol$m�2 7.5 � 10�6

KOH(1) e�44.5/Rþ20000/(RT) Cs1a,Cs2a/mol$m�2 1.5 � 10�5

KOH(2) e30/Rþ20000/(RT) Sg/m2$kg�1 50000

Table A2
Enthalpy of formation for each specie (Poling et al., 2001)

Species CH3OH H2O H2 CO2 CO

ho,i/kJ$mol�1 �200.94 �241.81 0 �393.51 �110.53
Nomenclature and units

A cross area
cp specific heat, J$kg�1$K�1

dcat diameter of catalyst particles, m
D diameter, m
f filling proportion of EPCM
h0 formation enthalpy, J$mol�1

kcat permeability of catalyst, m2

k turbulence kinetic energy, m2$s�2

L latent heat, J$kg�1

Ltube length of tube, m
_m mass flow rate, kg$h�1

mi mass fraction of species i
Mi mole fraction of species i
Mw,i molecular weight of species i, kg$mol�1

n molar flow rate, mol$s�1bRi;r rates of creation and destruction of species i in the
reaction r, mol$m�3$s�1

Sct effective turbulent Schmidt number
t time, s
T temperature, K
p pressure, Pa
Q total heat transfer rate, W
R universal gas constant, J$mol�1$K�1

RR reaction rate of methanol steam reforming reaction,
mol$m�3$s�1

RD reaction rate of methanol decomposition reaction,
mol$m�3$s�1

RW reaction rate of water shift reaction, mol$m�3$s�1

u! velocity vector, m$s�1
Greek symbols
b inertial loss coefficient, m�1

ghc
relatively vibration amplitude of methanol conversion
efficiency

Dt50;hc
delay response time ofmethanol conversion efficiency, s

ε turbulence kinetic energy dissipation rate, m2$s�3

εcat porosity of packed catalyst bed
εEPCM porosity of packed EPCM bed
hc methanol conversion efficiency
l thermal conductivity, W$m�1$K�1

m dynamic viscosity, Pa$s
mt turbulent viscosity, Pa$s
r density, kg$m�3

dij Kronecker’s delta
uhc

comprehensive unsteady performance indicator

Subscripts
ave average
cat catalyst
eff effective
f fluid
i inner face
i species
o outer face
s solid

Abbreviations
DNI direct normal irradiance
EPCM Encapsulated phase change material
MD methanol decomposition
MSR methanol steam reforming
PCM phase change material
SPTRR solar parabolic trough receiver reactor
WFR weight of catalyst/inlet methanol molar flow rat
WSR wateregas shift reaction
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